Low birth weight is associated with a lower grip strength later in life. However, associations between birth weight among infants born at-term and factors driving associations between birth weight and grip strength are largely unknown. A cohort of 144,369 young men born at-term, including 10,791 individuals who had at least one male sibling/s, were followed until conscription where they performed a grip strength test. We used linear and non-linear regression analyses in the full cohort, and fixedeffects regression analyses in the sibling cohort, to address confounding by factors that are shared between siblings. After adjustment, each unit increase in birth weight z-score was associated with increases of 17.7 (95% CI, 17.2-18.2) and 13.4 (10.1-16.6) newton grip strength, which converts to approximately 1.8 and 1.4 kilogram-force in the full and within-families cohorts, respectively. The associations did not vary with young adulthood BMI. Birth weight, within the at-term range, is robustly positively associated with grip strength in young adulthood among men across all BMI categories and associations appears to be mainly driven by factors that are not shared between siblings. These findings underline the importance of recognizing the influence of low birth weight, also within the at-termrange, on young adulthood muscle strength.
www.nature.com/scientificreports www.nature.com/scientificreports/ been demonstrated to attenuate the increased mortality associated with an elevated BMI 11 , suggesting that grip strength has important health benefits across all BMI categories. There is a strong correlation (i.e. >0.8) between grip strength and total muscle strength in young males 12 , which makes grip strength an appropriate general indicator for overall muscle strength 13 . Muscle strength is the capacity to carry out work against a resistance, depending on several factors (e.g. muscle mass, neuromuscular function etc.). Studies have suggested that the major factor influencing the observed inverse association between grip strength and mortality is not attributable to the muscle mass per se, but to muscle strength as a marker of muscle quality 14 . Overall, current evidence from epidemiological observational studies indicate that low birth weight, across all gestational ages, is associated with lower grip strength, even after adjusting for potential confounding factors 15 . However, most previous studies on the topic have been confined to small sample sizes, grip strength comparisons between preterm birth and termborn controls being used as a homogenous comparator and/or unable to control whether such associations are explained by shared and/or non-shared familial factors 15 . Therefore, the aim of this study was to investigate the association between birth weight, within the at-term range, and grip strength in young males. We further investigate whether any such association is explained by factors shared between siblings, and if associations differ with BMI in young adulthood. study population. All men born at-term in Sweden 1973-1976 (n = 171,987) and who conscripted for military service in 1991-1994 (n = 155,236) were eligible for inclusion in the study. In that time period, conscription was mandatory by law, and young adults were relieved from conscription only due to confinement or if they suffered from severe medical condition. The study period was chosen to match the availability of perinatal exposure data from the MBR (available from 1973) and outcome grip strength data from the conscription registry. Exclusion criteria included incomplete data (n = 10,867) including those who did not perform the grip test at conscription (n = 10,773), or extreme values (n = 68) for weight (≤40 or ≥150 kg), height (≤150 or ≥210 cm) and BMI (≤15 or ≥60 kg/m 2 ) at conscription, as previously described 17 . Derivation of the analytical sample is presented in a flowchart in Fig. 1 . In total, 144,369 (93%) young adults performed the grip test and were therefore included in the final analytical sample. The within-families cohort included 10,791 individuals who had one or more matchable male sibling/s.
Methods
exposures. All perinatal variables were derived from the MBR 16 . At-term births were defined as births between 37-41 weeks 6 and the date of the last menstrual period was used to estimate gestational age 18 . Birth weight was measured in grams, and extreme values <300 g and >7,000 g were excluded. Gestational age specific birth weight z-scores were estimated using the total study population as the reference. For a baby born at 40 weeks, one SD corresponds to approximately 455 grams.
Outcome -grip strength. Grip strength was measured in Newton's (N), using standard well-validated and daily calibrated isometric dynamometer test 19 , where 9.8 N equals one kilogram force. Each dynamometer test was performed, using the dominant hand, three times and the maximum value recorded for analysis. However, if the last value in the last trial was higher than the previous trials, testing was repeated until strength values stopped increasing.
Confounders and covariates.
Standardized scales and stadiometers were used to measure weight and height at conscription, respectively 20 . BMI (kg/m 2 ) was classified according to World Health Organization (WHO) categories: underweight (BMI <18.5), normal weight (BMI 18.5-24.9), overweight (BMI 25-29.9) and obese (BMI ≥30) 21 . Parental education, where the highest education achieved by any of the parents was used as a measure of household socioeconomic position, was derived from the Population and Housing Censuses. Information regarding conscription center (six centers) and age at conscription were retrieved from the Conscription Registry. The MBR was used for information on further potential confounders, such as maternal diabetes, maternal hypertension, birth by caesarean section, maternal parity and maternal age at birth. statistical analyses. First, we descriptively present our cohort by dichotomizing the exposure and outcome by their respective median into four groups: (i) high grip strength/high birth weight z-score, (ii) high grip strength/low birth weight z-score, (iii) low grip strength/high birth weight z-score and (iv) low grip strength/low birth weight z-score (Table 1 and Supplementary Table 1 ). Second, we used linear regression models to analyze the associations between z-score birth weight, within the at-term range, and grip strength. Third, to control for shared factors (fixed effects) by full brothers within families (approximately 50% shared genetic factors) we used fixed-effects regression models (Table 2) . Fourth, we stratified our crude and fully adjusted models on previously described BMI categories at conscription (Table 3) . Additionally, we examined if there was any statistical interaction between continuous BMI and z-score birth weight in the association with grip-strength (data not shown).
Associations in our models are presented as crude estimates and adjusted for maternal diabetes (yes/no), maternal hypertension (yes/no), caesarean section (yes/no), parity (categorical), maternal age (continuous), highest parental education (categorical) and conscription office (categorical). We further employed restricted cubic splines with five knots at: 5, 27.5, 50, 72.5 and 95 percentiles, to assess departure from linearity (Fig. 2) . All analyses were performed using Stata 14.0 (Stata Corp, College Station, TX, USA).
www.nature.com/scientificreports www.nature.com/scientificreports/ sensitivity analyses. We conducted a sensitivity analysis where we stratified the linear association between z-score birth weight, within the at-term range, and grip strength by quartiles of height in centimeter (cm) (Supplementary Table 2 ). The quartiles were constructed at the 25, 50 and 75 percentiles which resulted in the groups: ≤175 cm, 176-180 cm, 181-184 cm, and ≥185 cm.
Compliance with ethical standards. 
Results
Descriptive statistics. Table 1 presents descriptive data for the 144,369 individuals in the full cohort according to five categories: (i) full-cohort, (ii) high grip strength/high birth weight z-score, (iii) high grip strength/ low birth weight z-score, (iv) low grip strength/high birth weight z-score and (v) low grip strength/low birth weight z-score at conscription. A similar description for the within-families cohort is presented in Supplementary  Table 1 . In general, most covariates such as maternal diabetes, maternal hypertension, highest parental education etc. were fairly equally distributed between the five categories, whereas birth by caesarian section was slightly elevated in the low grip strength/low birth weight z-score group.
Birth weight, within the at-term range, and grip strength. Table 2 presents the crude and adjusted associations between birth weight z-score and grip strength (N), both for the full-and for the within-family cohort. Higher birth weight, within the at-term range, was associated with higher grip strength, with slightly weaker associations in the within-families cohort (24% reduction). In the fully adjusted model, each unit increase in birth weight z-score (1 SD) was associated with increases of 17. www.nature.com/scientificreports www.nature.com/scientificreports/ Figure 2 illustrates adjusted associations, estimated with restricted cubic spline models, between birth weight z-scores and grip strength (N) for both the full-and within-families cohorts. Association are in general linear in both cohorts. The detected statistical deviation from linearity (p < 0.05) can largely be explained by the large number of observations. Table 3 presents both the crude and adjusted association between birth weight z-score, within the at-term range, and grip strength (N), stratified by four BMI categories: underweight (BMI <18.5), normal weight (BMI 18.5-24.9), overweight (BMI 25-29.9) and obese (BMI >30). Although some diminution in the underweight category, we observed consistent positive associations between birth weight z-score, within the at-term range, and grip strength across all categories of BMI. As expected, we observed no interaction between continuous BMI and z-score birth weight in the association with grip-strength (data not shown). sensitivity analysis. Supplementary Table 2 presents the linear association between birth weight z-score, within the at-term range, and grip strength, stratified by quartiles of height (cm) at conscription. Although some attenuation across the whole range of height, we observed a consistent positive association between birth weight z-score, within the at-term range, and grip strength regardless of the quartile of height.
Discussion
This total population-based study of 144,369 males showed that higher birth weight, within the at-term range (i.e. week 37 to 41), was prospectively and positively associated with grip strength in young adulthood (17-22 years) across all categories of BMI. Moreover, our within-sibling analysis, indicates that this association appears to be mainly driven by factors that are not shared between siblings. Consequently, the present study provides novel evidence to this emerging field. To the best of our knowledge, this is the first study that has examined associations www.nature.com/scientificreports www.nature.com/scientificreports/ of variations in the levels of grip strength, across all BMI categories, in young adulthood across different birth weights within the at-term range, using family-based analysis which provides a unique opportunity to explore whether this association is mainly driven by factors that are shared or non-shared between siblings. Although this study cannot disentangle causal pathways, grip strength may to some extent be determined already in utero.
Explanations for the protective and lifelong effect that birth weight, within the at-term range, seems to have on grip strength could be that the number of mammalian muscle fibers is determined at or soon after birth 22 and influenced by nutritional status during critical periods of early development 23 . This is supported by animal 24 and human studies 25, 26 showing a reduced muscle fiber composition in those with low birth weight. Postnatal muscle growth (e.g. via strength exercise) occurs by growth of each muscle fiber, which to some extent can compensate a deficit in fiber number 27 . However, individuals born with fewer muscle fibers will be at considerable disadvantage in terms of muscle strength later in life. In addition, low birth weight is associated with abnormal development that triggers adaptations in tissues and organs, eventually resulting in permanent muscle related physiological alterations 28 , which my result in long-lasting impairments in muscle strength 29 . Meta-analysis data shows that grip strength has a strong genetic component with an estimated heritability of approximately 50% 30 . Likewise, a common genetic cause of both low birth weight and low grip strength cannot be excluded. However, results from our within-sibling analysis, where shared influences between siblings such as genetic factors, parental socioeconomic influences etc. are held constant, only differed marginally from analyses based on the full cohort. This provides some support to the hypothesis that shared factors between siblings most likely only explain part of the observed associations between birth weight, within the at-term range, and grip strength These findings support the notion that a poor intrauterine nutrition leading to a low birth weight for gestational age is programming grip strength later in life. However, twin-pair analyses are needed to further detangle the genetic and in utero effects that may explain the association between birth weight, within the at-term range, and later grip strength. www.nature.com/scientificreports www.nature.com/scientificreports/ The observed associations between birth weight, within the at-term range, and grip strength may partly be explained by differences in upbringing between children born adequate and small for gestational age. For example, parents may choose to restrict low birth weight children's participation in strength promoting physical activity because of perceptions of fragility 31 . Consequently, varying levels of engagement in strength promoting physical activity among the study population may to some extent explain observed association between birth weight, within the at-term range, and grip strength in young adulthood. Our finding that birth weight, within the at-term-range, is associated with grip strength in young adulthood across all BMI categories suggests that this association is not simply explained by a skeletal size effect, since larger persons tend to have larger muscles. This is further supported by our sensitivity analysis showing a consistent positive association between birth weight z-score, within the at-term range, and grip strength regardless of the quartile of height.
The study of early determinants of grip strength is of special interest since low grip strength in adolescence is strongly associated with a wide range of negative health outcomes later in life, including increased all-cause mortality rates equivalent to that for well-established risk factors such as elevated blood pressure or BMI 8 . Previous data has shown that higher grip strength essentially attenuates the negative effects from elevated BMI on mortality in men 11 . The weakest men (lowest fifth) in the most obese group has shown to have a 39% increased mortality risk (HR, 1.39; 95% CI, 1.14-1.68) and this risk was negligible among the strongest men (highest fifth) in the same most obese group (HR, 1.02; 95% CI, 0.84-1.25). Consequently, findings from this study showing that birth weight, even within at-term deliveries, is associated with grip strength in young adulthood across all categories of BMI, may be of public health interest.
The 17.7 unit increase in grip strength (N) for each SD increase in birth weight z-score reported in this study, translates into approximately a two kilogram stronger grip strength. This may have clinically important implications. For example, data from the U.K. Biobank study in over 400,000 adults aged 40-69 years has shown that every three kilogram increment in grip strength was associated with approximately 8% lower mortality 32 . Since approximately 15% of all live births are low birth weight births 33 , which are associated with lifelong health consequences 34, 35 , preventing low birth weights, even within the at-term range, may have long-term effects on markers of health such as grip strength. It is of importance to state that not all low preterm or low birth weights can or should be prevented, for example spontaneously occurring births. However, recent trends towards shorter gestational lengths within the at-term range can to some extent be attributed to the increases in the rates of planned cesarean deliveries 36 , which is a modifiable factor. Studies investigating the associations between birth weight or gestational age and grip strength have been confined to grip strength comparisons between preterm births, not taking gestational age into account, and at-term born being used as homogenous comparator 15 . For example, a meta-analysis, including 17 studies and 21,344 individuals aged 5 to 86 years, showed that an extra kilogram of birth weight was associated with a 0.9 kilogram increase (95% C, 0.58, 1.2) in grip strength. However, none of the included studies did control for shared factors in within-sibling analyses and/or investigate the associations between birth weight, within the at-term range, and grip strength and/or whether associations varied with BMI. Thus far, only one small cohort study has demonstrated that within a twin-pair the heavier twin at birth has greater grip strength in adult life compared with the lighter sibling. In addition, the twin-pair analyses showed that associations between birth weight and adult grip strength were stronger in dizygotic than monozygotic twin-pairs, suggesting a potential influence of genetic factors, acting on both birth weight and adult grip strength 37 . Similarly, we found evidence for a stronger association between birth weight, within the at-term range, and grip strength in young adulthood in all included men compared with the within-sibling analysis including men who had one or more matchable male sibling/s.
The strengths of this study lies in the large sample size and accompanying statistical power. Furthermore, strengths include the population-based design and the long-term follow-up, where prospectively collected data at birth could be linked to grip strength at ages 17-22. We were also able to adjust for perinatal and other major determinants (e.g. birth delivery, parental education, parity etc.) of grip strength and the within-sibling analysis enabled us to disentangle whether associations were mainly driven by factors shared or non-shared between siblings. Furthermore, both exposure (birth weight within the at-term range) and outcome (grip strength) were measured using objective and standardized procedures. In fact, grip strength is the test of muscular strength that has shown the strongest evidence in relation to mortality [38] [39] [40] . Finally, we rule out confounding by gestational age and/or prematurity by using births within the at-term range.
This study is accompanied with several limitations. First, the cohort included only young adult men and the potential generalizability to women is largely unknown. Previous data has shown that the magnitude of association between birth weight and adult grip strength in women is approximately half of that seen in men 37, 41 . Second, residual confounding could be present. For example, the lack of data on maternal nutrition and smoking habits (of mothers before/during pregnancy), could have had an impact on both the exposure (birth weight) and outcome (grip strength). However, smoking is more prevalent in families with low parental education. Thus, some of the effect of smoking on grip strength is accounted for in our models. Moreover, the within-families analysis accounts for habits (e.g. maternal smoking) that are consistent over time. Fourth, the within-families analysis including siblings only allow us to partly control for shared genetic factors (50%) between siblings. It is unlikely that segregating genes, potentially influencing grip strength, are randomly distributed with regards to birth weight. Fifth, since the birth factors were recorded in the 70's, gestational age was estimated by the last menstrual period, which has limited accuracy. This may affect our precision in determining the at-term range. Sixth, register-based studies have inherited limitations, e.g. unknown data quality and possible differences in data collection between institutions. Finally, it should be noted that we did not measure engagement in strength promoting physical activity, which can influence grip strength. Hence, it is possible that the associations between birth weight, within the at-term range, and grip strength in young adulthood may be mediated by engagement in strength promoting physical activity.
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Conclusions
In summary, this large prospective cohort study has shown that higher birth weight, within the at-term range, is prospectively associated with higher grip strength in young male adults, across all categories of BMI and variations in height. Furthermore, our within-family analysis has shown that this association appears to be mainly driven by factors that are not shared between siblings, reducing the likelihood that this association is largely explained by genetics and other environmental factors shared within families. There are undeniably clinically relevant and strong prospective associations between grip strength in adolescence and later life health outcomes. Consequently, our novel findings both expand our understanding of determinants of grip strength and may have public health implications. For example, highlighting the importance of birth weight and heterogeneity among at-term deliveries, which have implications for how at-term deliveries are followed-up and monitored.
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